The expression of aquaporins in the spermatozoa of the marine teleost gilthead sea bream (Sparus aurata) and their involvement in the motility activation process were investigated. Sperm motility was activated by a hyperosmotic shock, but it was completely inhibited by 10 lM HgCl 2 , such inhibition being partially recovered by beta-mercaptoethanol (ME). Conventional RT-PCR using primers specific for S. aurata aquaglyceroporin (glp) and aquaporin 1a (aqp1a) demonstrated the presence of both mRNAs in spermatozoa. Heterologous expression in Xenopus laevis oocytes showed that 10 and 100 lM HgCl 2 equally inhibited water and solute transport through S. aurata aquaporin 1a and S. aurata aquaglyceroporin, but treatment with ME only recovered aquaporin 1a-mediated water permeability. Western blot analysis using isoform-specific antisera on protein extracts from spermatozoa revealed bands that corresponded to the predicted molecular mass of S. aurata aquaglyceroporin (31 kDa) and S. aurata aquaporin 1a (28 kDa). The antisera also demonstrated that both aquaporins were localized in the head and flagellum of the spermatozoa. However, the immunoreaction at the plasma membrane of the spermatozoa head was more intense after the hyperosmotic activation, suggesting the translocation of both aquaporin 1a and aquaglyceroporin into the plasma membrane after the osmotic shock. This study therefore provides the first direct demonstration for the presence of aquaporins in fish sperm. The different sensitivities of S. aurata aquaporin 1a and S. aurata aquaglyceroporin to ME may explain the failure of this reducing agent to fully recover the mercurial inhibition of sperm motility, suggesting that these aquaporins may play different physiological roles during the activation and maintenance of sperm motility in sea bream.
INTRODUCTION
In marine teleosts, such as the gilthead sea bream (Sparus aurata), the increase of environmental osmolality is the main factor determining the activation of sperm motility [1, 2] . The osmolality change faced by the spermatozoa when discharged into the marine environment leads to a rapid water efflux from the intracellular space. This efflux could be mediated by molecular water channels or aquaporins, as has been suggested previously [2] [3] [4] [5] [6] .
The aquaporins (AQPs) belong to the superfamily of major intrinsic proteins (MIPs) and constitute a group of small, hydrophobic, integral membrane proteins that allow rapid water transport across cell membranes [7, 8] . Some members of this family can also transport small, nonionic compounds, such as glycerol or urea, and are termed aquaglyceroporins (glycerol facilitators, or GLPs). The structure of AQPs shares a common molecular architecture, and most of them form homotetramers in the cell membrane [9] [10] [11] . The functional unit of all AQPs, however, is the monomer that embraces a central water/ glycerol-conducting channel surrounded by six transmembrane helices and two half-spanning helices joined end to end in the middle of the membrane by interlocking interactions of two highly conserved Asn-Pro-Ala (NPA) domains [12, 13] . Some AQPs show a Cys residue close to the second NPA motif, which in the mammalian aquaporin 1 (AQP1) is the site sensitive to mercurial inhibition [13] .
A number of studies have investigated the functional properties and structural features of the AQP isoforms in different organisms, from prokaryote to higher vertebrates [14] . In mammals, nine AQPs (MIP, also known as AQP0, AQP1, AQP2, AQP4, AQP5, AQP6, Aqp8, AQP11, and AQP12) and four GLPs (AQP3, AQP7, AQP9, and AQP10) have been identified which show different patterns of tissue distribution [15] [16] [17] [18] [19] [20] [21] [22] . However, although during recent years the physiological roles of these channels have begun to be uncovered, the specific function of most of them is not yet well understood.
In the mammalian testis, fluid homeostasis is very important for a number of different functions, including spermatogenesis, sperm maturation, and internal egg fertility [23, 24] . It has been demonstrated that AQP7, AQP8, and AQP9 are present in the germ cells at different stages of spermatogenesis [25] [26] [27] [28] [29] , and a possible involvement of AQP7 in the maintenance of human sperm motility has been also proposed [30] . Recently, it was demonstrated that AQP8 plays a role in volume regulation of murine spermatozoa [31] , and that AQP1 protein is present in canine spermatozoa [32] .
In contrast, relatively few reports exist in the literature concerning the presence of aquaporins in fish. Homologues have been reported in some teleosts, such as sea bream, sea bass (Dicentrarchus labrax), and European eel (Anguilla anguilla) [33] [34] [35] [36] [37] . The physiological role of aquaporins in marine and migrating (catadromous and anadromous) species, however, might be particularly important, because they have been implicated, for instance, in oocyte hydration [34, 37, 38] and osmoregulation [39, 40] . Aquaporins also have been suggested to play a role during sperm motility activation in different seawater species [2] [3] [4] [5] [6] , although so far there is no information available on the expression of aquaporins in fish spermatozoa. Therefore, the present work was envisaged to study the expression of aquaporins in the gilthead sea bream spermatozoa and to investigate their possible involvement in the activation of the motility process.
MATERIALS AND METHODS

Fish and Sperm Collection
Males of gilthead sea bream S. aurata were obtained from a local fish farm (Maribrin, Brindisi, Italy) and used for the experiments. Milt collection was performed during late autumn (November). Sperm was collected by applying gentle abdominal pressure to extrude milt, which was removed from the gonopore with a syringe. Care was taken to avoid contamination with seawater or urine. The milt was transferred to a glass vial and kept at 48C for 30-60 min, until its use. The animal studies were approved by the animal care and treatment committee of the University of Salento.
Analysis of Aquaporin mRNA Expression
Total RNA was extracted from spermatozoa and scraped cells from the hindgut using TRIzol Reagent (Invitrogen Corp., Carlsbad, CA). In brief, the sperm pellet obtained from semen by centrifugation was homogenized in TRIzol Reagent. In general, 1 ml of TRIzol Reagent was added to the pellet of sperm obtained from 2 ml of semen. The homogenate was then incubated at room temperature for 5 min. Chloroform (0.2 ml of chloroform per 1 ml of TRIzol Reagent) was added, and mixture was shaken vigorously for 15 sec. After 3-min incubation at room temperature, the mixture was centrifuged at 12 000 3 g for 15 min at 48C. The aqueous phase was transferred into a fresh tube and mixed with isopropanol (0.5 ml per 1 ml of TRIzol). The mixture was centrifuged again at 12 000 3 g for 10 min at 48C. The supernatant was discarded, and the pellet was washed with 75% ethanol (1 ml per 1 ml TRIzol). RNA was obtained by centrifugation at 7500 3 g for 5 min at 48C. The supernatant was discarded. The resultant RNA pellet was air dried for 5 min, resuspended in RNase-free water, and stored at À708C for further use.
The RT-PCR was performed using Qiagen OneStep RT-PCR kit and oligonucleotide primers specific for S. aurata aquaglyceroporin (glp) and S. aurata aquaporin 1a (aqp1a). For glp, the forward and reverse primers were 5 0 -TCCTGATTCTGTTCGGATGT-3 0 and 5 0 -CGTAGAATGGCAGCTTCATC-3 0 , respectively, which amplified a fragment of 213 bp. For aqp1a, the forward and reverse primers were 5 0 -GCACCATCAAAATGCAACAC-3 0 and 5 0 -TGGAAGCCTGACAGCTTTTT-3 0 , respectively, which amplified a fragment of 182 bp. The primers were designed using Primer3 software (http://frodo.wi. mit.edu/primer3).
These assays were carried out in 50-ll reaction volume containing 2.5 ll of RNA extract (final concentration, 1.0 lg), 10 ll of 53 Qiagen OneStep RT-PCR buffer, 2 ll of 10 mmol/L deoxynucleoside triphosphate, 2 ll of Qiagen OneStep RT-PCR Enzyme Mix, 0.3 ll of 100 lM each primer, and RNase-free water to 50 ll. The reactions were carried out in an iCycler Thermal Cycler (Bio-Rad) with an initial reverse transcription step at 508C for 30 min, followed by PCR activation at 958C for 15 min, 40 cycles of amplification (30 sec at 948C, 30 sec at 568C, and 30 sec at 728C), and a final extension step at 728C for 10 min. Each RT-PCR test included negative control that was treated identically to the other sample but without template RNA. The PCR products were subjected to electrophoresis in 2% agarose gels.
Functional Expression of S. aurata Aquaporin 1a and S. aurata Aquaglyceroporin in Xenopus laevis Oocytes
The cDNAs encoding the S. aurata aquaporin 1a [34] and S. aurata aquaglyceroporin [33] were cloned into the EcoRV/SpeI sites of the oocyte expression vector pT7Ts [41] . In vitro transcription of constructs and the isolation, defolliculation, and injection of X. laevis oocytes were performed as described previously [41] . Oocytes were injected with water (control) or with 0.25 ng of S. aurata aquaporin 1a or S. aurata aquaglyceroporin cRNAs. The osmotic water permeability (P f ) was measured from the time course of osmotic oocyte swelling in a standard assay. Oocytes were transferred from 200 mOsm modified Barth medium (MBS: 88 mM NaCl; 1 mM KCl; 2.4 mM NaHCO 3 ; 10 mM Hepes, pH 7.5; 0.82 mM MgSO 4 ; 0.33 mM Ca(NO 3 ) 2 ; 0.41 mM CaCl 2 ; and 25 lg/ml gentamicin) to 20 mOsm MBS medium at room temperature, and the swelling of the oocytes was followed under a stereomicroscope using serial images at 2-sec intervals during the first 20-sec period. The P f values were calculated as described previously [41] . To determine the apparent glycerol permeability coefficient (P 0 gly ), water-and aquaglyceroporin-injected oocytes were transferred to an isotonic solution containing 160 mM glycerol and adjusted to 200 mOsm with MBS using a Wescor 5520 vapor pressure osmometer (Wescor Inc.). The P 0 gly was calculated from oocyte swelling during 60 sec using the equation [d(V/Vo)/dt]/(S/Vo) [42] . The effect of mercury on P f and P 0 gly was examined by incubating injected oocytes in MBS containing 10 or 100 lM HgCl 2 for 15 min before and during the swelling assays. To determine whether the mercurial effect was reversible, the same oocytes were rinsed three times in MBS, incubated with 5 mM b-mercaptoethanol (ME) for 15 min, and subjected to the swelling assays approximately 2 h later.
Computer-Assisted Sperm Analysis
Sperm movement was videotaped using a Nikon Alphaphot 2 microscope with a 203 negative phase objective and a Sony CCD black and white video camera (SSC-M188CE). Gilthead sea bream milt was diluted 1:100 in nonactivating medium (NAM; in mg/ml: NaCl 3.5, KCl 0.11, MgCl 2 1.23, CaCl 2 0.39, NaHCO 3 1.68, glucose 0.08, and bovine serum albumin 10; pH 7.7) and then 1:10 in seawater. About 2 ll of the sperm/water mixture was immediately (within 15 sec) spotted into one well of a Multitest slide (12-well slide; ICN, Basingstoke, U.K.), covered with a coverslip, and video recorded. Videotapes were analyzed using the Hobson Sperm Tracker and associated software (Hobson Vision Ltd., Baslow, U.K.). For each sample, two aliquots were analyzed. The total duration of motility was timed by stopwatch when 95% of the sperm ceased moving. Only forward-moving sperm were judged motile; those sperm simply vibrating or turning on their axes were considered immotile.
Effects of Extracellular Inhibitor Application on Sperm Motility Activation
To determine the effects of different inhibitors, the semen was diluted 1:100 in NAM (see above) containing HgCl 2 (0.001, 0.01, 0.1, and 1 mM) or 0.02 mM stretch-activated ion-channel blocker gadolinium [43] . Sperm samples were preincubated for 20 min with the different inhibitors or with 0.1% (v/v) dimethylsulfoxide (control) to exclude the effect of the solvent in which the inhibitors were resuspended. The inhibitors had no effect when tested without preincubation. Motility was initiated by the addition of seawater (control) or seawater containing different inhibitors (at the same concentration used for preincubation). To determine whether the mercurial effect was reversible, each spermatozoa sample (n ¼ 3) was divided into three aliquots. These aliquots were preincubated for 20 min with 0, 10, and 100 lM HgCl 2 , respectively, and then they were rinsed three times in NAM and incubated with 5 mM ME for 30 min. Then, sperm samples were analyzed for motility.
Antibodies
Anti-S. aurata aquaglyceroporin polyclonal antibody, produced by Primm (Milan, Italy), was raised in a rabbit against a synthetic peptide corresponding to part of the C-terminal region of aquaglyceroporin (E 283 LEGVKPHCVKPSTK 297 ; GenBank accession no. AY363261) conjugated to ovalbumin. The identity and purity of the peptide were tested by high-performance liquid chromatography and mass spectrometry. The S. aurata aquaporin 1a antiserum raised against the C terminus of the cDNA-deduced protein (GDYDVNGGNDATAVEMTSK; GenBank accession no. AY626939) was characterized elsewhere [40] .
Sperm and Tissue Protein Extraction
Protein extraction from spermatozoa was performed 30 sec after the dilution (1:250) of fresh semen with seawater or NAM. After this phase, the spermatozoa were isolated from seminal plasma by centrifugation at 1200 3 g for 30 min at 48C. To extract proteins, the pellet was resuspended in lysis buffer (50 mM Tris-HCl, pH 7.4; 1% Nonidet P-40; 0.25% sodium deoxycholate; 150 mM NaCl; 1 mM ethylenediaminetetraacetic acid [EDTA]; 1 mM PMSF; 1 lg/ll leupeptin; 1 mM Na 3 VO 4 ; and 1 mM NaF). The suspension was spun at 18 000 3 g for 15 min at 48C. The supernatant containing total soluble proteins was transferred into Eppendorf tubes and kept at À808C for further analysis. Protein concentration was determined by the Bradford method (Bio-Rad). To extract total proteins from scraped cells of the AQUAPORINS IN FISH SPERMATOZOA hindgut, the cells were resuspended in lysis buffer and subjected to the same protocol used for the spermatozoa.
Total membranes were also isolated from water-injected, S. aurata aquaporin 1a-injected, and S. aurata aquaglyceroporin-injected X. laevis oocytes (n ¼ 10). Cells were homogenized in HbA buffer containing 20 mM Tris, pH 7.4; 5 mM MgCl 2 ; 5 mM NaH 2 PO 4 ; 1 mM EDTA; 80 mM sucrose; and cocktail of protease inhibitors, and they were centrifuged twice for 5 min each at 200 3 g at 48C. Total membranes were isolated by a final 20-min centrifugation step at 18 000 3 g at 48C and were resuspended in 13 Laemmli sample buffer (5 ll per oocyte) and frozen at À808C.
Western Blot Analysis
Sodium dodecyl sulfate-PAGE was carried out according to Laemmli [44] in 12.5% polyacrylamide gels. The running conditions were 130 mV for 2 h. The proteins separated by SDS-PAGE were transferred onto nitrocellulose at 0.8 mA 3 size of gels in square centimeters by using the TE 77XP semidry transfer system (Hoefer Scientific Instruments, San Francisco, CA). The membranes were immediately placed into a blocking buffer (5% nonfat milk) in Tris-buffered saline (150 mM NaCl, 10 mM Tris pH 8.0). The blot was allowed to block at room temperature for 2 h. The membranes were incubated with antiaquaporin antibodies (1:100 S. aurata aquaglyceroporin in TBS; 1:200 S. aurata aquaporin 1a in TBS) at 48C overnight, followed by a horseradish peroxidase-conjugated secondary antibody (diluted 1:1000 in TBS-Tween-20) for 1 h at room temperature. Antibody labeling was detected using enhanced chemiluminescence according to the manufacturer's instructions. Prestained protein markers were used for molecular weight determinations.
Immunocytochemistry
Spermatozoa were attached to poly-L-lysine-coated slides at 378C, fixed in 4% paraformaldehyde, and permeabilized in 0.1% Triton X-100 in PBS for 20 min. Slides were preincubated in 20% normal goat serum in PBS for 30 min at room temperature to block nonspecific reactions. Then, they were incubated overnight at 48C with undiluted anti-S. aurata aquaglyceroporin antibodies and 1:2 anti-S. aurata aquaporin 1a antibodies. A set of slides was incubated with preimmune serum as a control. The next morning, slides were washed twice with PBS and 0.1% Tween-20 at room temperature. The horseradish peroxidaseconjugated secondary antibody, diluted 1:100 in PBS and 0.1% Tween-20, was applied to the slides and incubated for 60 min at room temperature. The reaction was made visible by using a mixture of 0.06% 3,3 0 -diaminobenzidine (DAB) in 0.05 M Tris-HCl buffer, pH 7.6, and 0.03% hydrogen peroxide for 20 min in the dark, and then rinsing in PBS. Slides were analyzed using a Nikon Eclipse E800 microscope. For better visualization of the DAB reaction product, the cells were not counterstained. Slides incubated with preimmune serum instead of the primary antibodies were used as negative controls.
Image Analysis
The Image J software (available at http://rsb.info.nih.gov/ij/docs/index. html) was used to perform the image analysis. The immunocytochemistry pictures were converted to eight-bit images, the threshold was adjusted to highlight only the head membrane reaction, and the mean gray level of the reactivity to anti-S. aurata aquaglyceroporin and anti-S. aurata aquaporin 1a antibodies was evaluated in activated and nonactivated spermatozoa. The gray level of each spermatozoon was measured by pixel at 0-256 graduation.
Statistical Analysis
Treatment effects on sperm motility (percent of motile sperm and the motility duration) were assessed using a one-factor ANOVA, and a Tukey posthoc test was applied when ANOVA revealed significant differences. The values of P f and P 0 gly of X. laevis oocytes expressing S. aurata aquaporin 1a and S. aurata aquaglyceroporin were analyzed by ANOVA or the Student ttest. The mean gray levels in activated and nonactivated spermatozoa were analyzed by the Student t-test. A probability level of P , 0.05 was considered significant in all tests. All statistical computation was performed with Systat 5.2.1 [45] . Values are reported as means 6 SD. 
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RESULTS
Inhibition of Spermatozoa Motility by HgCl 2
The potential involvement of aquaporins during the activation of sea bream sperm motility was initially investigated using the conventionally used AQP inhibitor HgCl 2 [13, 22, 33, 46] . Results obtained demonstrated that the pretreatment of spermatozoa with 0.01, 0.1, or 1 mM HgCl 2 completely inhibited sperm motility activation (Table 1) . Spermatozoa motility was not inhibited by pretreatment with 0.001 mM HgCl 2 or with 0.02 mM gadolinium. Because it has been reported that the inhibitory effect of HgCl 2 on aquaporin function can be reversed in some cases by the reducing agent ME [13, 18, 34] , we also investigated whether ME was able to recover the inhibition of sperm motility by HgCl 2 . The data demonstrated that HgCl 2 -treated spermatozoa were able to start motility if they were incubated with 5 mM ME for 30 min before activation. However, both the percentage of motile spermatozoa and the motility duration of the groups treated with HgCl 2 and ME were significantly (P , 0.05) lower with respect to those measured in untreated (0 lM HgCl 2 and 0 mM ME) and ME-exposed (0 lM HgCl 2 and 5 mM ME) spermatozoa (Table 1) .
Aquaporin mRNA Expression in Gilthead Sea Bream Spermatozoa
In the gilthead sea bream, the cDNAs encoding two Aqp1-like aquaporins (S. aurata aquaporin 1a and S. aurata aquaporin 1b) [34, 37] and one aquaglyceroporin [33] have been reported. In the testis, aquaporin 1a but not aquaporin1b is expressed [34, 37] , and therefore the expression of aquaporin1a as well as of aquaglyceroporin in spermatozoa was investigated by RT-PCR. As shown in Figure 1 , using isoform-specific primers designed on the cDNA sequence of S. aurata aquaporin 1a and S. aurata aquaglyceroporin, we amplified PCR products of the expected size (of about 213 bp and 182 bp, for aquaglyceroporin and aquaporin 1a, respectively) both in spermatozoa (Fig. 1, A and B, lane 3) and hindgut (Fig. 1, A and B, lane 4) .
Mercury Inhibition of S. aurata Aquaporin 1a and S. aurata Aquaglyceroporin-Mediated Water and Solute Transport
In previous studies, it was shown that water transport through S. aurata aquaporin 1a and S. aurata aquaglyceroporin FIG. 2. Functional characterization of S. aurata aquaporin 1a and S. aurata aquaglyceroporin in X. laevis oocytes. Osmotic water permeability (P f ; A and B) and apparent glycerol permeability (P 0 gly ; C) of oocytes expressing S. aurata aquaporin 1a (SaAqp1a; A) or S. aurata aquaglyceroporin (SaGlp; B and C). Oocytes were injected with 0.25 ng of aquaporin 1a or aquaglyceroporin cRNAs, or with 50 nl of water. The P f and P 0 gly were assayed in the presence or absence of 10 or 100 lM HgCl 2 . Some oocytes treated with mercury were incubated with 5 mM ME for 15 min before swelling measurements were taken. Values are the mean 6 SEM (n ¼ 10-15 oocytes) from a representative experiment. Different lowercase letters indicate statistically different values (P , 0.01), whereas the asterisks denote significant (P , 0.05) differences between oocytes exposed or not to ME after HgCl 2 treatment. expressed in X. laevis oocytes can be inhibited with HgCl 2 , but this effect can be reversed with ME only in aquaporin 1a [33, 40] . Because these experiments were carried out using relatively high doses of mercury (0.7 or 1 mM HgCl 2 ), we investigated the effect of lower doses of HgCl 2 on X. laevis oocytes injected with water or with 0.25 ng of cRNA encoding S. aurata aquaporin 1a or S. aurata aquaglyceroporin (Fig. 2) . Water-injected oocytes showed low water permeability when transferred to hypotonic MBS, whereas the P f of oocytes expressing aquaporin 1a or aquaglyceroporin increased approximately 8-fold (Fig. 2, A and B) . The presence of 10 and 100 lM HgCl 2 reduced the P f of both aquaporin 1a-and aquaglyceroporin-expressing oocytes in a dose-dependent manner. In aquaporin 1a-injected oocytes, the mercurial inhibition was completely recovered by incubation with 5 mM ME, whereas in oocytes expressing aquaglyceroporin, the incubation with ME did not reverse the inhibitory effect of HgCl 2 (Fig. 2, A and B) . The P 0 gly of aquaglyceroporinexpressing oocytes was about 20-fold higher than that of waterinjected oocytes, and it was also inhibited by HgCl 2 in a dosedependent fashion (Fig. 2C) . However, as observed for water transport, mercury inhibition of aquaglyceroporin-mediated glycerol transport could not be reversed with ME (Fig. 2C ).
Aquaglyceroporin and Aquaporin 1a Proteins Are Expressed in Sea Bream Spermatozoa
The use of an anti-S. aurata aquaglyceroporin polyclonal antibody in Western blot experiments carried out with sperm proteins (extracted before and after motility activation) revealed the presence of one reactive band of 31 kDa (Fig.   3A , lanes 4 and 5) that corresponds to the predicted molecular mass of S. aurata aquaglyceroporin, calculated from the deduced amino acid sequence of its cDNA [33] . This band was also present in protein extracts from aquaglyceroporin-injected oocytes as well as from the hindgut (Fig. 3A, lanes 2 and 3) . In the hindgut, however, two additional reactive bands of approximately 27 and 25 kDa were detected, which probably correspond to degradation products. Protein extracts from water-injected oocytes did not show any reactive band, indicating the specificity of the aquaglyceroporin antiserum (Fig. 3A, lane 1) .
Western blot analysis, carried out using an anti-aquaporin 1a antiserum, identified a single band of approximately 28 kDa in protein extracts from both activated and nonactivated spermatozoa (Fig. 3B, lanes 4 and 5) , as well as in extracts from aquaporin 1a-injected oocytes (Fig. 3B, lane 2) . This band was absent in the extracts of water-injected oocytes (Fig. 3B, lane  1) . In the hindgut, in addition to the 28-kDa band, three additional bands of approximately 26, 37, and 40 kDa were detected (Fig. 3B, lane 3) .
Localization of Aquaporins
The localization of aquaglyceroporin and aquaporin 1a in sea bream spermatozoa was investigated by immunocytochemistry using the anti-aquaglyceroporin and anti-aquaporin 1a antisera. Results shown in Figure 4 demonstrate that although both antibodies stained the entire surface region of spermatozoa (head and flagellum), the staining was more prominent on the plasma membrane of the spermatozoa head. In addition, the immunostaining at the plasma membrane of the head appeared   FIG. 4 . Immunolocalization of S. aurata aquaglyceroporin (A) and S. aurata aquaporin 1a (B) in activated and nonactivated spermatozoa of gilthead sea bream. Immunostaining of nonactivated spermatozoa (1), activated spermatozoa (2), and negative control without primary antibody (3). Reduced from original magnification 3100; bar ¼ 6 lm. C) Mean gray levels of the reactivity to the S. aurata aquaporin 1a and S. aurata aquaglyceroporin antisera at the spermatozoa plasma membrane in activated and nonactivated spermatozoa. Values are mean 6 SD (n ¼ 250-300 spermatozoa from three different sperm samples). The asterisks indicate values stastistically significant (*P , 0.05; **P , 0.01).
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by visual inspection to increase in activated spermatozoa (Fig.  4, A and B, images 1 and 2) .
The image analysis revealed that the antisera reactivity at the plasma membrane, measured as mean gray levels, was significantly higher in activated than in nonactivated spermatozoa. In particular, it was 10% higher using anti-aquaglyceroporin and 30% higher using anti-aquaporin 1a.
DISCUSSION
The changes in extracellular osmolality control diverse cellular functions in different kinds of cells, such as bacteria [47] , hepatic cells [48] , renomedullary interstitial cells [49] , and spermatozoa [23, 24, 31] . The osmolality-dependent cell signaling systems also control the motility of fish spermatozoa [50] . In freshwater teleosts, sperm flagellar motility is initiated by the hypo-osmotic shock, whereas in marine teleosts, such as gilthead sea bream [1] , this mechanism is triggered by a hyperosmotic shock [51] [52] [53] [54] [55] [56] .
In marine and freshwater teleosts, stretch-activated ion channels are likely to participate in the initiation of sperm motility [2, 5, 6, 55, 56] . However, results reported in the present study suggest that these mechanosensitive channels might not be involved in the activation of motility of sea bream spermatozoa because gadolinium, a well-known stretchactivated ion-channel blocker [43] , was ineffective at inhibiting sperm motility, conversely to what happens in sea bass, turbot, and tuna [5, 6] . On the contrary, our results suggest that AQPs may be involved in this mechanism, because HgCl 2 inhibited the activation of sperm motility by hyperosmotic shock. Water and solute transport through most AQPs is blocked by mercurial compounds [13, 22, 33, 37] , and in some cases, this inhibition can be reversed by the reducing agent ME [13, 34, 57] . In mammalian AQP1, the Cys189 (close to the second NPA motif) is the Hg 2þ -sensitive site [13] , although in other AQPs, as in rat [15, 16] and killifish (Fundulus heteroclitus) [58] Aqp3 and and plant aquaporins [59, 60] , water and solute flux can be blocked by mercurial sulfhydryl reagents independently of the presence of Cys189. Our data demonstrated that HgCl 2 -treated sea bream spermatozoa cannot be activated by seawater or by a salt solution, the mercurial inhibition of sperm activation being complete even at low HgCl 2 concentrations (10 lM). Similar to sea bream, HgCl 2 affects sperm motility in turbot and sea bass [3] but not in carp Cyprinus carpio [61] . The different effect of mercury on the spermatozoa of these species confirms the well-known differences in the mechanism of initiation of sperm motility in cyprinids and marine fish [51] . In fact, in the common carp, potassium efflux is the first event that regulates flagellar movement [62, 63] , whereas in gilthead sea bream, our data suggest that the water efflux mediated by Aqp may play an important role in the initiation of sperm motility. The efflux of water after the hyperosmotic shock in seawater fish spermatozoa, determining the increase of intracellular ion concentration, is a propounded paradigm [6] . On the other hand, our previous study [1] demonstrated that the sea bream spermatozoa motility activation occurs also in nonionic (sorbitol) hyperosmotic solution. This result ruled out the possibility that the first signal in sperm motility activation process is the ion influx. In addition, it is known that adenylyl cyclase, which we previously demonstrated to be involved in sea bream sperm motility activation [1] , could be activated by different mechanisms, such as the membrane hyperpolarization [64, 65] and/or the increase in the intracellular concentration of Ca 2þ and HCO 3 À [66] . In addition, we found that HgCl 2 -treated spermatozoa could be activated if they were exposed to ME before activation, although under these experimental conditions both the percent of motile spermatozoa and the motility duration were significantly reduced with respect to the sperm not treated with HgCl 2 or ME. Therefore, these findings suggest the presence of mercury-sensitive Aqp in the sea bream spermatozoa and their potential role in mediating the hyperosmotic effect. The failure of ME to fully recover motility in all spermatozoa could be due to either the presence of more than one Aqp isoform (one sensitive to ME and the other not) or the inability of ME to completely recover the HgCl 2 inhibitory effect, or it could be a consequence of toxic effects produced by the exposure to HgCl 2 and/or ME. 
AQUAPORINS IN FISH SPERMATOZOA
Further evidence for the presence of different Aqps in the gilthead sea bream spermatozoa was obtained after RT-PCR and immunoblotting experiments. Reverse transcription-PCR revealed that S. aurata aquaporin 1a and S. aurata aquaglyceroporin mRNAs were both expressed in spermatozoa, which agrees with the expression of AQP1 and GLPs (i.e., AQP7) in mammalian sperm [25, 26, 30, 32] . The S. aurata aquaporin 1a and S. aurata aquaglyceroporin mRNAs are indeed translated, because their protein products were detected by Western blot analysis in both activated and nonactivated spermatozoa. Immunocytochemistry experiments confirmed these observations and indicated that aquaporin 1a and aquaglyceroporin are localized at the plasma membrane of the head and flagellum of the spermatozoa. Such specific localization of the sea bream aquaporins in the spermatozoa seems to be unique, because previous studies in mammals have demonstrated that AQP7 is confined to the proximal portion in the middle piece and tail of ejaculated human spermatozoa [30] or to the middle piece and cytoplasmic droplets in rat spermatozoa after spermiation [25] , whereas AQP8 is found in cytoplasmic droplets in rat epididymal spermatozoa [26] . Interestingly, we also observed a more marked aquaporin 1a and aquaglyceroporin immunostaining at the plasma membrane in activated spermatozoa compared with nonactivated spermatozoa, which may suggest a possible recruitment of aquaporins into the plasma membrane from intracellular vesicles during the hyperosmotic shock. This mechanism might be similar to that reported for AQP1 in rat peritoneal mesothelial cells [67] , but further studies aimed at characterizing the subcellular localization of S. aurata aquaporin 1a and S. aurata aquaglyceroporin during sperm activation will be necessary to confirm this hypothesis.
Previous studies reported that S. aurata aquaporin 1a and S. aurata aquaglyceroporin were both sensitive to mercurial inhibition (0.7 and 1 mM HgCl 2 , respectively) when expressed in X. laevis oocytes [33, 40] . However, treatment with ME recovered water transport only in aquaporin 1a. By using low doses of aquaporin cRNA (0.25 ng) and HgCl 2 (10 and 100 lM), the present work confirmed these observations, thus showing that the effect of HgCl 2 and ME on the permeability of oocytes expressing S. aurata aquaporin 1a resembles that observed during sperm activation. These findings, together with the localization of aquaporin 1a in the plasma membrane of spermatozoa, suggest that this aquaporin could mediate the water efflux during the hyperosmotic shock that is required for sperm activation in sea bream. However the ME-insensitive S. aurata aquaglyceroporin was also found in the plasma membrane, which is in agreement with the fact that HgCl 2 -induced inhibition of sperm motility (activation and duration) could not be completely recovered with ME. These data may then indicate that aquaporin 1a and aquaglyceroporin could play different roles during the process of sperm activation in sea bream, where aquaporin 1a would mediate the activation of spermatozoa motility, and aquaglyceroporin would be involved in the maintenance of this motility, as has been suggested for AQP7 in human spermatozoa [30] . The physiological role of GLPs during sperm motility in vertebrates, however, is not well understood, although it is known that mammalian spermatozoa are capable of using glycerol aerobically [68, 69] , and that organic alcohols (including glycerol) induce protein phosphorylation for motility initiation in chum salmon Oncorhynchus keta [70] . Therefore, our hypothesis for the dual role of aquaporin 1a and aquaglyceroporin in sea bream spermatozoa must be investigated further.
In summary, the results reported in this work provide the first direct demonstration for the presence of aquaporins in fish sperm. On the basis of the present and previous results [1, 2, 5, 6] , we propose a model for sperm motility activation in sea bream, which is depicted in Figure 5 . The hyperosmotic shock triggers water efflux from spermatozoa, probably via aquaporins, which may be recruited into the plasma membrane from intracellular vesicles during the hyperosmotic stimulus. The water efflux could determine a reduction in the cell volume and, in turn, the rise in the intracellular concentration of ions, as proposed previously [6] . This increase could lead to the activation of adenylyl cyclase which, in turn, could trigger the cAMP-signaling pathway, which determines the phosphorylation of the flagella proteins, and then the initiation of sperm motility. Protein phosphorylation after motility activation has been demonstrated previously in sea bream spermatozoa [1] .
Although a number of questions regarding these mechanisms in fish spermatozoa have not yet been solved, this model may provide the basis for future studies to elucidate: 1) the role of aquaporin 1a and aquaglyceroporin during sperm motility activation in sea bream, as well as the potential function of other aquaporin isoforms; and 2) whether the aquaporin inhibition by HgCl 2 affects the phosphorylation state of proteins involved in sperm motility initiation.
